Isolates of Gaeumannomyces graminis var. tritici, the causal agent of take-all of wheat, varied in sensitivity in vitro to the antibiotics phenazine-1-carboxylic acid (PCA) and 2,4-diacetylphloroglucinol (Phl) produced by fluorescent Pseudomonas spp. shown previously to have potential for biological control of this pathogen. None of the four isolates of G. graminis var. avenae examined were sensitive to either of the antibiotics in vitro at the concentrations tested. The single isolate of G. graminis var. graminis tested was insensitive to PCA at 1.0 g/ml. Pseudomonas fluorescens 2-79 and Pseudomonas chlororaphis 30-84, both of which produce PCA, effectively suppressed take-all caused by each of two PCA-sensitive isolates of G. graminis var. tritici. PCA-producing strains exhibited a reduced ability or complete inability to suppress take-all caused by two of three isolates of G. graminis var. tritici that were insensitive to PCA at 1.0 g/ml. P. fluorescens Q2-87, which produces Phl, suppressed take-all caused by three Phl-sensitive isolates but failed to provide significant suppression of take-all caused by two isolates of G. graminis var. tritici that were insensitive to Phl at 3.0 g/ml. These findings affirm the role of the antibiotics PCA and Phl in the biocontrol activity of these fluorescent Pseudomonas spp. and support earlier evidence that mechanisms in addition to PCA are responsible for suppression of take-all by strain 2-79. The results show further that isolates of G. graminis var. tritici insensitive to PCA and Phl are present in the pathogen population and provide additional justification for the use of mixtures of Pseudomonas spp. that employ different mechanisms of pathogen suppression to manage this disease.
Numerous studies have demonstrated the ability of rhizosphere-inhabiting fluorescent Pseudomonas spp. to suppress diseases caused by soilborne plant pathogens (19, 29) . Antibiotics including agrocin 84 (14) , 2,4-diacetylphloroglucinol (7, 12, 27) , herbicolin (13) , oomycin A (10), phenazines (20, 23) , pyoluteorin (9) , and pyrrolnitrin (8) are important in the biological control of fungal plant pathogens by specific strains of rhizobacteria. Pseudomonas fluorescens 2-79 and Q2-87 and Pseudomonas chlororaphis (formerly P. aureofaciens) provide biological control of take-all of wheat caused by Gaeumannomyces graminis var. tritici (2, 7, 27, 30) . Suppression of this pathogen by strains 2-79 and 30-84 is due primarily to the production of the antibiotic phenazine-1-carboxylic acid (PCA) (21, 24) , while production of 2,4-diacetylphloroglucinol (Phl) is, at least in part, responsible for suppression of G. graminis var. tritici by strain Q2-87 (27) . As observed in other systems that employ rhizobacteria as biological control agents, these strains can consistently provide control of the target pathogen in greenhouse and growth chamber experiments, in which environmental conditions can be optimized and the pathogen population typically is genetically uniform. In contrast, disease control has been inconsistent when these and other biocontrol rhizobacteria have been evaluated under field conditions (29) . The inconsistent field performance of biological agents in suppressing soilborne plant pathogens has been attributed to factors including variable colonization of the host rhizosphere by the introduced strain, instability or degradation of the active metabolite, failure to produce the metabolite to the required threshold concentration or at the appropriate time and space, and loss of ecological competence (19, 29, 31 ).
An additional component of the plant pathogen-biocontrol agent interaction that may affect field performance of biocontrol rhizobacteria is the genetic diversity of the target pathogen. Although significant progress has been made toward understanding the mechanisms of biological control and the ecology of biocontrol microorganisms, less emphasis has been placed on identifying the potential effects of pathogen diversity on the efficacy of biological control agents. Significant genotypic variation in a fungal pathogen population may exist among geographic regions, within a given field, or even between lesions on the same plant (1, 5, 18) . Evaluations of rhizobacteria for the control of fungal plant pathogens typically have been conducted without a characterization of the pathogen population. More commonly, the efficacy of individual biocontrol strains or strain combinations is assessed by screening these agents against a single isolate of the target pathogen. On the basis of experience with chemical pesticides, variation in sensitivity to microbial antifungal metabolites probably should be expected within a pathogen population. Gurusiddaiah et al. (6) showed that Pythium species varied extensively in sensitivity to PCA. Further, Jones and Pettit (11) observed variation in sensitivity to the antibiotic gliotoxin, produced by the biocontrol agent Gliocladium virens, among anastomosis groups of Rhizoctonia solani. The objective of this study was to determine whether populations of G. graminis vary in their sensitivity to PCA and Phl and whether this variation in sensitivity affects the ability of PCA-or Phl-producing rhizobacteria to provide biological control of take-all.
(Preliminary results of these studies have been published [17] .)
MATERIALS AND METHODS
Organisms and culture conditions. Three fluorescent Pseudomonas strains shown in previous studies to suppress take-all when introduced into the rhizosphere of wheat were used in this study. P. fluorescens 2-79 and P. chlororaphis 30-84 are resistant to rifampin, and both produce PCA; strain 30-84 also produces 2-hydroxy-PCA acid and 2-hydroxyphenazine (21, 24) . P. fluorescens Q2-87 is resistant to ampicillin and produces Phl (27) . The bacterial strains were routinely cultured in terrific broth (23) and were cultured in King's medium B broth (15) or yeast malt extract medium (3 g of yeast extract, 3 g of malt extract, 5 g of Bacto Peptone, and 10 g of glucose per liter) for the production of PCA and Phl, respectively. When growth on solid media was required, strains were cultured in nutrient broth-yeast extract agar (NBY) (26) .
A total of 71 isolates of G. graminis were used in this study, including 4 isolates of G. graminis var. avenae, 1 isolate of G. graminis var. graminis, and 66 isolates of G. graminis var. tritici (Table 1) . Isolates collected at Mt. Vernon, Wash., or Lind, Wash., were obtained from a single field for a given location, and individual isolates were from different plants or different roots of the same plant. These isolates are part of a collection described by Duffy and Weller (4) . All isolates were maintained on potato dextrose agar (PDA; Difco, Detroit, Mich.).
In vitro assays. The sensitivity of isolates of G. graminis to PCA and Phl was assessed in agar plate bioassays. The growth of G. graminis var. tritici is inhibited by PCA at 1.0 g/ml (6), and significant suppression of take-all of wheat can be achieved with PCA concentrations as low as 20 to 30 ng per seedling root system (25) . Preliminary experiments with Phl concentrations of 0.1 to 10 g/ml indicated that the growth of most isolates of G. graminis was at least partially inhibited by Phl at 3 g/ml. Therefore, variation in sensitivity of isolates and varieties of G. graminis to PCA and Phl was evaluated by the following assay procedure. A 5-mm-diameter plug was excised from the growing margin of a (7), respectively. PCA and Phl were resuspended in 5% NaHCO 3 and 95% CH 3 CH 2 OH, respectively, prior to addition to media. Each isolate was cultured on duplicate plates of each medium in all trials. Cultures were incubated at room temperature, and radial growth was measured after 6 days. Growth inhibition of G. graminis by PCA or Phl was quantified as the colony radius on antibiotic-amended PDA expressed as a percentage of the colony radius of the same isolate on nonamended PDA, with 0 and 100% indicating no growth inhibition and complete growth inhibition, respectively. The experiments were conducted four times. Within the population of G. graminis examined, radial growth of only 2 of 71 isolates was inhibited between 40 and 60% at a PCA concentration of 1.0 g/ml. Therefore, isolates were classified as insensitive to PCA at 1.0 g/ml if radial growth was suppressed less than 40%. Isolates of G. graminis were considered insensitive to Phl at 3 g/ml if radial growth was suppressed less than 20%. Take-all suppression assays. Bioassays were conducted to determine the ability of P. fluorescens 2-79 and Q2-87 and P. chlororaphis 30-84 to suppress take-all caused by isolates of G. graminis var. tritici classified as PCA or Phl insensitive or sensitive. The assays were conducted with Puget silt loam soil from the Washington State University Research and Extension Unit at Mt. Vernon, Wash., by a modification of the method described by Thomashow and Weller (24) . Soil was passed through a sieve of 1-cm 2 mesh, air dried, and then heat treated by exposure to a steam-air mixture (96ЊC) for 2 h. An oat grain inoculum of G. graminis var. tritici was prepared for each isolate (32) , air dried, ground in a Waring blender, and passed through a series of sieves with different mesh sizes, and the 0.25-to 0.5-m-diameter fraction was added to soil at 1.0% (wt/wt). Bacterial strains were grown on NBY medium at 27ЊC for 72 h. Cells were scraped from a single NBY plate and suspended in 10 ml of a 1.5% (wt/vol) solution of methylcellulose (Sigma Chemical Co., St. Louis, Mo.). Seeds of the wheat cultivar 'Penewawa' (25 g) were mixed with a 10-ml cell suspension of strain 2-79, 30-84, or Q2-87 or methylcellulose alone (control) and then air dried in a laminar-flow hood. Populations of the respective bacterial strains on treated seeds were estimated by placing five seeds in 10 ml of sterile water, vortexing for 5 min, and plating serial dilutions of the seed washings on NBY medium amended with cycloheximide (100 g/ml) and either rifampin (100 g/ml) (for strains 2-79 and 30-84) or ampicillin (100 g/ml) (for strain Q2-87). Colonies were enumerated after 72 h of incubation at 27ЊC.
Plastic tubes (26 cm long by 2.5 cm in diameter) were filled with a 30-ml layer of vermiculite topped with a 10-ml layer of soil infested with G. graminis var. tritici. Two treated or nontreated wheat seeds were sown on the soil surface in each tube, and the seeds were then covered with 5 ml of vermiculite. A total of 10 tubes (20 plants) were used for each of three replicates, for a total of 60 plants for each seed treatment-G. graminis var. tritici isolate combination. The tubes were suspended in racks in a randomized complete block design, watered with 10 ml of one-third strength Hoaglands solution (macronutrients only), and placed in controlled environment chambers at 12 Ϯ 0.3ЊC with a 12-h photoperiod. The plants were watered again at 12 days and harvested at 21 days after planting. Disease incidence was evaluated by removing plants from the tubes, washing the roots with a high-pressure stream of water, and visually assessing take-all severity on a scale of 0 to 8 (24) . Eight trials were conducted, and each seed treatmentfungal isolate combination was included in a minimum of two independent trials. Differences in disease incidence among treatments were assessed by analysis of variance and Fisher's protected least significant difference.
RESULTS
Sensitivity of G. graminis to PCA and Phl. Isolates of G. graminis exhibited variation in sensitivity to PCA in vitro (Fig.  1) . With the exception of isolate L103, all isolates of G. graminis var. tritici from the site at Lind, Wash., were highly sensitive to PCA at 1.0 g/ml. Growth of 6 of the 14 isolates examined was completely inhibited by PCA at 1.0 g/ml, and growth of 4 other isolates was inhibited by at least 90% at this antibiotic concentration. In comparison, complete growth inhibition was observed for 2 of 24 isolates from the Mt. Vernon, Wash., site and 1 of 6 isolates from the Pullman, Wash., site at the same concentration of PCA (Fig. 1) . Growth of isolates of G. graminis var. tritici from Mt. Vernon was inhibited 10 to 60% by PCA at 0.1 g/ml (data not shown) and 15 to 100% by PCA at 1.0 g/ml (Fig. 1) . Growth of isolates of G. graminis var. tritici from the site at Pullman was inhibited 45 to 100% by PCA at 1.0 g/ml (Fig. 1) . The isolates of G. graminis var. tritici that constituted the Mt. Vernon population exhibited greater variation in sensitivity to PCA than did the isolates of the fungus from the Lind site on the basis of a test of the equality of variances with F as the test statistic. Variation in sensitivity to PCA among the isolates from the site at Pullman was not different from that observed among the isolates of G. graminis var. tritici from Lind or Mt. Vernon.
Isolates of G. graminis var. tritici from the midwestern and southeastern regions of the United States also exhibited a range in sensitivity to PCA (Fig. 1) . Growth of these isolates was inhibited 40 to 100% by PCA at 1.0 g/ml (Fig. 1) . Lack of sensitivity to PCA at the concentrations tested was more prevalent among isolates of G. graminis var. tritici from Europe. Growth of isolates 1856 and 1818, from Germany and France, respectively, was unaffected by PCA at 0.1 g/ml and was inhibited only 10 to 15% by PCA at 1.0 g/ml (Fig. 1) .
None of the two isolates of G. graminis var. avenae from the United States, the isolate from Australia, and the isolate from the United Kingdom were inhibited by PCA at 0.1 g/ml (data not shown). G. graminis var. avenae 1840 isolated from oats in the United Kingdom exhibited greater sensitivity to PCA at 1.0 g/ml than did the three other isolates, all of which were from Agrostis spp. The single isolate of G. graminis var. graminis examined in this study also was insensitive to PCA at the concentrations tested (Fig. 1) .
Radial growth of isolates of G. graminis var. tritici was in- hibited 0 to 80% in the presence of Phl at 1.0 g/ml (data not shown), and many isolates were not inhibited by Phl at 3.0 g/ml (Fig. 2) . Isolates of G. graminis var. tritici were relatively less sensitive to Phl than to PCA at an antibiotic concentration of 1.0 g/ml (Table 2) . For several isolates, the concentration of Phl required to inhibit fungal growth by 50% was greater than 10 g/ml, and of 20 isolates of G. graminis var. tritici examined, only 20% were completely inhibited by this antibiotic at 10 g/ml (data not shown). A test of the equality of variance indicated that within-population variation in sensitivity to Phl was not different among the isolates of G. graminis var. tritici from the sites at Lind, Mt. Vernon, and Pullman, Wash. Growth of all four isolates of G. graminis var. avenae was unaffected by Phl at 1.0 g/ml, and for this group, radial growth on PDA amended with Phl at 3.0 g/ml averaged 88% of that obtained on PDA without the antibiotic (Fig. 2) . Suppression of take-all. Five isolates of G. graminis var. tritici, namely, L112, L114, MV113, 1818, and 1856, were selected for study in the take-all suppression assays. Isolates L112 and L114 both were classified as sensitive to PCA at 1.0 g/ml and Phl at 3.0 g/ml, and MV113 and 1818 both were classified as insensitive to PCA and Phl at these concentrations. Isolate 1856 was classified as insensitive to PCA at 1.0 g/ml but sensitive to Phl at 3.0 g/ml on the basis of an in vitro assay. Growth of isolates L112 and L114 was inhibited more than 90% by PCA at 1.0 g/ml, whereas growth of isolates MV113, 1818, and 1856 was inhibited less than 15% by the same concentration (Fig. 1) . Isolates MV113 and 1818 were less sensitive to Phl than were isolates L112, L114, and 1856; the growth of strains MV113 and 1818 was inhibited less than 10% by Phl at 3 g/ml, whereas the growth of strains L112, L114, and 1856 was inhibited at least 25% at the same antibiotic concentration (Fig. 2) .
P. fluorescens 2-79 and Q2-87 and P. chlororaphis 30-84 each were established on wheat seed at populations of 10 7 to 10 8 CFU per seed. Table 3 contains results representative of the eight take-all suppression assays. With the exception of strain 2-79 against G. graminis var. tritici L112 in one of four experiments with this seed treatment-fungal isolate combination, the phenazine-producing strains provided significant suppression of take-all caused by the PCA-sensitive isolates of the pathogen in each of the assays (Table 3 ). The ability of strains 2-79 and 30-84 to suppress take-all caused by isolates of G. graminis var. tritici classified as insensitive to PCA at 1.0 g/ml was isolate dependent. The PCA-producing strain 2-79 provided significant suppression of take-all caused by G. graminis var. tritici 1856. However, when evaluated in the same assay, the level of disease suppression provided by strain 2-79 against b Disease severity was rated on a scale of 0 to 8, where 0 denotes healthy seedling and 8 denotes dead seedling. Means in the same row followed by the same letter are not significantly (P ϭ 0.05) different according to Fisher's protected least significant difference.
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MV113 was lower than that provided by the same strain against the PCA-sensitive isolate of the pathogen, L114. Moreover, neither strain 2-79 nor strain 30-84 provided significant suppression of take-all when plants were grown in soil infested with isolate 1818. Strain Q2-87 was consistently suppressive to take-all caused by the three Phl-sensitive isolates of G. graminis var. tritici but failed to suppress take-all caused by two isolates of the pathogen classified as insensitive to Phl at 3.0 g/ml (Table 3) .
DISCUSSION
Isolates of G. graminis vary in sensitivity to the antibiotics PCA and Phl, produced by biocontrol strains of fluorescent pseudomonads. Approximately 12% of the total G. graminis var. tritici population examined was classified as insensitive to PCA at 1.0 g/ml, and isolates of G. graminis exhibiting insensitivity to PCA at this concentration were present in collections of this pathogen from each of several wheat-producing areas of the world. None of the four isolates of G. graminis var. avenae was sensitive to PCA at 1.0 g/ml, regardless of geographic origin, but the isolates obtained from Agrostis spp. were significantly less sensitive to PCA than was the single isolate obtained from oat. Jones and Pettit (11) found that although anastomosis groups of Rhizoctonia solani varied in sensitivity to gliotoxin, isolates within an anastomosis group were uniform in their sensitivity to this antibiotic, with the exception of isolates in AG3. Gurusiddaiah et al. (6) observed complete growth inhibition of G. graminis var. tritici by PCA at 1.0 g/ml, and, using different isolates of this fungus, Keel et al. (12) reported that the same degree of growth inhibition required a Phl concentration of 64 g/ml. The results of our study support these previous observations, since isolates of G. graminis var. tritici surveyed generally exhibited lower sensitivity to Phl than to PCA.
While employing a different experimental approach, our findings confirm those of Thomashow and Weller (24) , Pierson and Thomashow (21) , and Vincent et al. (27) that the production of PCA by P. fluorescens and P. chlororaphis 30-84 and the production of Phl by P. fluorescens Q2-87 are the primary contributors to the biological control activity of these strains against take-all. The previous studies demonstrated that antibiotic-deficient mutants of these strains generated by Tn5 mutagenesis were unable to inhibit G. graminis var. tritici in vitro and were greatly reduced in their ability to suppress take-all in situ relative to the parental strains or the mutants restored for antibiotic production by genetic complementation. In our study, isolates of G. graminis var. tritici that were classified as sensitive to PCA or Phl were uniformly suppressed by rhizobacteria that produced these antibiotics. In contrast, suppression of take-all caused by isolates of G. graminis var. tritici that were less sensitive to PCA was dependent on the isolate and ranged from effective disease suppression to no disease suppression. This observation supports the conclusion of Thomashow and Weller (24) that other as yet undefined mechanisms contribute to the suppression of take-all by phenazineproducing rhizobacteria. The ability of PCA-producing strains to suppress certain isolates of G. graminis var. tritici insensitive to PCA at 1.0 g/ml but not others may indicate that some isolates of the pathogen have a greater sensitivity to the other mechanisms of inhibition used by these bacteria. This also provides evidence that in vitro assays for the activity of a microbial metabolite against a target pathogen may be useful in a program to predict biocontrol potential of the producing microbial agent, but this assay alone may not always provide an accurate prediction of disease suppression.
Disease severity resulting from infection by PCA-insensitive isolates of G. graminis var. tritici appeared to be lower than that induced by PCA-sensitive isolates of the pathogen on nontreated wheat plants. However, disease severity was variable among trials, and infection of nontreated wheat with isolate 1818 usually resulted in a disease rating equivalent to that observed with the PCA-sensitive isolates of G. graminis var. tritici. In addition, no correlation was observed between the virulence of these isolates of G. graminis var. tritici as determined by Duffy (3) and sensitivity to PCA or Phl. G. graminis var. tritici P1, the only PCA-insensitive isolate among the six from Pullman, Wash., was more virulent than all other isolates from this site (3) .
Biological control of fungal plant diseases has typically involved the release of individual microbial strains inhibitory to the growth of the target pathogen. In some systems, a single antifungal metabolite produced by the biocontrol agent is the dominant or sole mechanism of pathogen inhibition (10, 21, 22, 24, 28) . The results of this study suggest that in some cases, variation in sensitivity of the target pathogen to antifungal metabolites produced by rhizobacteria, including the existence of relatively insensitive genotypes of the pathogen, may contribute to the inconsistent performance of these biocontrol agents observed in the field. It is also important to recognize that strains of G. graminis var. tritici that are relatively insensitive to PCA and Phl already exist in populations of this pathogen and that their presence could have an adverse impact on the efficacy of biocontrol rhizobacteria that produce these antibiotics. It also is possible that the deployment of PCA-or Phl-producing biocontrol rhizobacteria will select for a pathogen population that is insensitive to these antibiotics.
Crop multilines that possess a variety of different resistance genes in a similar genetic background have been developed. This type of varietal development has been used to protect against the rapid breakdown of disease resistance that can occur in the field when resistance is conferred by a single major gene. Likewise, increasing the mechanisms of biocontrol operating in the system should increase the chances of successfully controlling the target pathogen and minimize the potential for selecting a pathogen population insensitive to a specific suppression mechanism. Deploying multiple disease control mechanisms may also alleviate the potential competitive pressures of insensitive nontarget pathogens on individual biocontrol agents, such as the accelerated decline in rhizosphere populations of the take-all-suppressive organism P. fluorescens 2-79 induced by Pythium spp. relatively insensitive to this agent (16) . This may be achieved through the development of biological control systems that incorporate the diversity of disease suppression mechanisms that operate naturally in soils. Weller and Cook (30) observed that the combination of P. fluorescens 2-79 and 13-79 provided an enhanced level of take-all control relative to that produced by either strain used alone. Similarly, Pierson and Weller (20) have demonstrated that combinations of fluorescent Pseudomonas strains provide enhanced levels of take-all suppression relative to individual strains. By incorporating multiple strains having distinct mechanisms of disease suppression, potential problems arising from antibiotic resistance in populations of target and nontarget pathogens can be minimized.
Initial selection of biocontrol strains typically involves the screening of candidate biocontrol agents against a single isolate of the target pathogen. Based on an approximately 5% frequency of isolates insensitive to PCA at 1.0 g/ml in the population of G. graminis var. tritici from Mt. Vernon, Wash., it would be impractical to conduct the evaluation against the number of test isolates of the pathogen needed to ensure that 2558 MAZZOLA ET AL. APPL. ENVIRON. MICROBIOL.
candidate strains selected from the primary screen are inhibitory to the entire target population. However, it is also clear that once a limited number of putative biocontrol strains have been selected, a screen against a representative population of the pathogen may be warranted. This was evident for the European population of G. graminis var. tritici examined, in which four of nine isolates were classified as insensitive to PCA at 1.0 g/ml. In the latter stages of strain evaluation, it may be useful to characterize the population of G. graminis var. tritici at any given site prior to performance testing of specific antibiotic-producing strains. While the sample of isolates representing the population of G. graminis var. tritici from the site near Lind, Wash., was uniformly sensitive to PCA, that representing the population at the Mt. Vernon, Wash., site exhibited a greater range of variation in sensitivity to this antibiotic. Similar information may be useful in predicting whether an antibiotic-producing strain is likely to be effective at a specific location.
In general, isolates of G. graminis var. tritici that were insensitive to PCA at 1.0 g/ml were insensitive to Phl at 3.0 g/ml. Exceptions included G. graminis var. tritici isolates 1817 and 1856 and G. graminis var. graminis isolate 502.IL, which were insensitive to PCA but sensitive to Phl at the concentrations tested. In contrast, insensitivity to Phl was not correlated with insensitivity to PCA. Whether a true resistance mechanism is operating or some avoidance mechanism is functioning in isolates that exhibited reduced sensitivity to these antibiotics is not known. If antibiotic resistance is conferred by way of a detoxification or sequestering mechanism, the presence of PCA-or Phl-insensitive isolates of these fungi or other species of fungi that occupy the same microsite and are resistant to PCA (6) also may have the potential to decrease the effective concentration of these antibiotics in the rhizosphere. Such an occurrence could limit the efficacy of PCA-or Phl-producing biocontrol rhizobacteria against antibiotic-sensitive isolates of the pathogen.
